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Seismic anisotropy (1) is usually attributed to the alignment of crystal orientations, which in turn can be related to the strain history of the rock (2) (3) (4) (5) . Strain can also be inferred from modeling of mantle flow (6) , and thus observation of seismic anisotropy can be used to map mantle flow at length scales related to the wavelength of the seismic waves. Many observations of anisotropy have been made in the region of subduction zones (7). However, an unambiguous interpretation of these results is often difficult because of poor station coverage or nonuniform source distribution.
Here we use a unique data set, which spans an active backarc basin and spreading center, to map out the mantle flow in a backarc system and compare the seismic measurements to geochemical studies and model predictions.
Modeling of the strain resulting from flow coupled to the subducting plate (6, 8) predicts a fairly uniform pattern of anisotropy, with a fast direction parallel to the absolute plate motion of the downgoing plate. A variety of shear-wave (S-wave) splitting measurements at island stations in backarc areas are consistent with this pattern (9) (10) (11) (12) (13) (14) or with flow coupled to both subducting and overlying plates. However, closer to the trench and slab, the pattern of mantle flow may become more complex. Large-scale deviation of mantle flow due to retrograde motion of the subducted slab has been postulated (15) and was reported by S-wave splitting studies in South America (16) . Similar observations in New Zealand (17) and Kamchatka (18) may also result from such a flow pattern. Physical modeling of subduction zone flow also indicates strong variations in mineral alignment with slab dip (19) . Numerical modeling of the likely induced lattice preferred orientation of olivine and orthopyroxene produces results that are non-unique and may only be fully tested with a more detailed mapping of the backarc system (13, 20) . It is often difficult to infer the exact location of the anisotropy and thus to determine whether observations result from propagation within an anisotropic mantle wedge or within the slab.
In the Lau backarc, there is also the question of the effect of the small-scale processes associated with the spreading center. Although modeling predicts vertical preferential alignment of the olivine a axis due to the upwelling flow (21), a variety of fast directions have been noted in other spreading regions (22) (23) (24) (25) (26) .
In this study, we present splitting measurements from the Lau backarc. These observations provide strong constraints on lateral variations in the fast axis and thus allow us to distinguish geographic variations in anisotropy that may occur across the backarc basin. The region of the Lau basin and Tonga arc contains both an active backarc spreading center and a rapidly subducting slab (at a rate of 240 mm/year), so there should be a strong and variable signature of mantle flow. The high rate of seismic activity in this region also provides numerous high-energy sources for S-wave studies.
We analyzed S-wave splitting in arrivals from local earthquakes occurring beneath the Lau backarc. Data were obtained from the southwest Pacific seismic experiment (SPASE) and from the Lau basin ocean-bottom seismograph (OBS) survey (LaBatts). The SPASE array was deployed for 2 years and consisted of 12 broadband stations in Fiji, Tonga, and Niue Island. LaBatts was a concurrent 3-month deployment of 29 OBSs in the Lau backarc and Tonga forearc.
The OBS instrument orientations (27) were determined by comparing the polarization angles (28) of the P waves and Rayleigh waves from large, well-located, distant events, with known back azimuth. Splitting observations (29) were obtained using a cross-correlation of the two S waves calculated for a range of rotation angles, , and time offsets, ␦t (9). The ␦t and providing the maximum cross-correlation are the splitting time and fast anisotropy azimuth (Fig. 1) . Some of the land station observations are taken from the analysis of Fischer and Wiens (10) . Reanalysis of a subset of the Fischer and Wiens (10) data set using this method produced identical results, indicating that there is no bias between the results from the two studies. In order to avoid interference from the free surface or crustal phase conversions, we restricted our analysis to arrivals inside the S-wave "window" (incidence angles Ͻ35°).
Well-constrained splitting parameters were obtained for 77 arrivals at the OBS stations and were combined with the existing 53 observations at land stations (10) . Seventeen new land observations were also obtained at Kadavu Island and at land stations at the eastern end of the basin (Fig. 2) . Results at the land-based stations on the Fiji platform to the west are consistent with the direction of subducting plate motion (10) . However, the pattern of fast azimuths paralleling the subduction direction for stations on the Fiji platform is not apparent for stations in the Lau basin and Tonga arc. Indeed, many of the fast vectors are almost trench parallel, perpendicular to the azimuth of Pacific plate motion, and the magnitude of the splitting varies with smaller splitting times near the spreading center. This observation is not predicted by two-dimensional (2D) flow modeling, which instead predicts an almost uniform splitting time across the basin (20) .
The splitting observations made for station LKBA indicate a variation in the observed splitting with source region (Fig. 3) . Events in the northern part of the basin indicate a distinct north-south anisotropic fast direction (Fig. 3 ). This contrasts with the plate-motion-parallel directions in the southern and western part of the basin and is indicative of raypath dependence for the anisotropy. Neither variations at this length scale nor the fast direction rotation are predicted by mantle flow that is driven by simple coupling to the overlying or subducted plates, assuming uniform viscosity and an infinite planar slab (13) .
For station NUKU (Fig. 4) , most of the splitting observations are from intermediatedepth events (at depths of 150 to 300 km). Several of these are within 200 km of the station, and because of their relative location, they are unlikely to have significant path lengths within the slab. This indicates that the along-strike azimuthal observations should be explained by processes occurring within the mantle wedge and cannot be attributed to anisotropy within the subducted plate. The observation of splitting fast axes parallel to the convergence direction at the western land stations (Fig. 2) can be explained by the large-scale deformation of the mantle driven by local coupling to the overlying and subducting plates. Fischer et al. (20) demonstrated that, given reasonable assumptions relating the strength of lattice preferred orientation to strain, the magnitude of the observed splitting times could also be predicted by plate-driven mantle flow models (13, 20) .
Although this type of modeling works well for the stations at the western end of the basin, the large-scale mantle flow cannot reproduce either the source-region-dependent anisotropic variations (Fig. 3) or the direction and splitting times across the whole basin. To explain the trends in our data, we need to account for the structures in the backarc. Splitting times in the center of the basin are reduced and are almost orthogonal to the plate motion direction. Interpretation of this phenomenon as being related to the spreading center, which is geographically close, would fit qualitatively with the modeling of Blackman et al. (21) . They used a finite element flow model to predict deformation in the vicinity of a spreading ridge. Elsewhere at mid-ocean ridges, surface waves have shown a similar pattern (26) , although the rotation was not observed in SKS measurements, which possibly integrated this signature with the signature of deeper mantle flow (24) . However, although the direction of anisotropy is consistently north to south, the magnitudes are highly variable from station to station, suggesting that this effect may not be due to processes on the length scale of the spreading center.
Closer to the trench, we measured large trench-parallel splitting. To explain these observations, we need to consider the presence of the subducting slab, because this is likely to be the dominant factor in determining the anisotropy close to the trench. Several explanations for the along-arc fast direction orientations must be considered. Water content may affect the deformation (30) and lattice preferred orientation of olivine (31) and thus may provide an explanation for the observations near the slab. However, the exact relationship between strain and anisotropy, and how the observations in the laboratory translate into observations in the real Earth, are still poorly understood, and preliminary laboratory results indicate that this mechanism would not produce the observed rotation (31) . A second alternative is the anisotropic effect of thin melt sheets or pockets (32) . 2D models of mantle flow predict melt sheet orientations that would produce a trench-parallel fast direction (20, 33) . However, this interpretation is not entirely supported by the observations made of a progressively rotating anisotropic fast direction. In addition, neither explanation in terms of melt anisotropy nor the effect of water content can explain the difference between our results in Tonga and those in the Marianas and Izu-Bonin. Previous studies show that both the Marianas (34) and Izu-Bonin (11) instead exhibit strong anisotropy perpendicular to the strike of the trench. If a generalized explanation were possible for the rotation of the fast direction in Tonga, such as either melt anisotropy or water content, it should also be observed in these other regions. Instead, we must appeal to the individual tectonics of the different regions to explain their measurements. One such possible hypothesis is that the absolute plate motions contain trench-parallel components that result in the lithosphere between the Lau spreading center and arc moving southward relative to the slab and the Australian plate. However, in uniform viscosity models for Tonga with an infinite planar slab, this produces an insufficient rotation of the fast directions (13) . We must also consider transpressional deformation in the overlying plate. This mechanism should produce compression parallel to convergence and thus aligment of olivine along the arc. However, this explanation is inconsistent with observations in various subduction zones that the anisotropy increases with depth. In addition, in Tonga we have rapid trench rollback, implying extension within the arc.
One possible explanation is the effect of slab rollback on mantle flow. The Tonga trench axis is moving eastward at an absolute velocity of ϳ10 cm/year, and the dip of the Tonga slab has become progressively shallower over the past few million years. Buttles and Olson (19) examined the alignment of the olivine a axis using a laboratory analogy. They showed that the rollback component of plate motion can produce variations in mineral alignments. Their results indicated trench-parallel aligment in the forearc and subvertical realignment in the wedge. However, their modeling did not include both slab dip and plate rollback, thus preventing direct comparison to the Tonga backarc. There is, however, geochemical evidence to suggest that along-arc mantle flow is occurring in this area. A change in Fiji magmatism from arc-like to ocean island basalt was attributed to influx of the Samoan Plume around 3 million years ago (35) . A similar explanation for high Nb relative to other highfield-strength elements in lavas at the islands Tafehi and Niuatoputapu at the northern end of the Tonga-Kermadec subduction zone was also proposed (36) . In addition, helium isotope data suggest flow of the Samoan Plume magma toward the Peggy Ridge at the northern end of the Lau basin (37) . Later mapping by Turner and Hawkesworth (38) mapped the presence of these high 3 He: 4 He further south into the Lau backarc. Such isotope signatures, which are characteristic of the Samoan Plume, may be evidence of the flow of shallow mantle (38) from the Samoan Plume into the Lau basin, parallel to the trench, through a tear in the subducting Pacific plate (Fig. 5) . These results match both the geographical locations of our stations and the azimuth of mantle flow we would infer from our anisotropy observations. We infer, therefore, that the observations of along-arc fast anisotropy axes reflect this geochemical mapping of along-arc mantle flow and are probably resulting from slab rollback and the along-strike component of the absolute plate motions.
